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The standard model of cosmology with nearly Gaussian, isotropic, scale invariant and adiabatic initial con-
ditions describes the cosmological observations well. However, the study of any deviation from the mentioned
conditions will open up a new horizon to the physics of early universe. In this work, we study the effect of the
oscillatory and step-like features in potentials of inflationary models in late time large scale structure observa-
tions. Mainly we study the matter power spectrum, number density of the structures, dark matter halo bias and
specifically CMB lensing. We show that the oscillatory models can introduce some degeneracy with late time
effects on BAO scale. We also conclude that high frequency oscillatory models which are favored by Planck
data do not have significant effect on the non linear structure formation. Finally we show that inflationary mod-
els with step functions which deviates from the standard model in small scales l ≤ 1Mpc can be constrained by
future experiments via CMB lensing. We propose the idea that CMB lensing is a bias independent observation
which can be used as a small scale physics probe due to distribution of the lenses in low redshifts. Meantime
this model can alter the prediction of the cosmological model for the number density of small structures and can
be used as a probable explanation for galactic scale crisis of ΛCDM.
I. INTRODUCTION
The cosmic microwave background (CMB) radiation measurements [1, 2] and the large scale structure (LSS) surveys [3]
indicate that the standard model of cosmology known as ΛCDM with its two unknown components of cosmological constant
and cold dark matter (CDM) describes the observations well. The standard model of cosmology also encapsulates in it the
initial conditions of early time curvature perturbations, which are nearly Gaussian, scale invariant, isotropic and adiabatic. The
conditions are predicated by inflationary models in their simplest manifestation via the venue of cosmological perturbation
theory[4–6]. Despite the great triumph of the standard model, the physics of accelerated expansion of the universe, dark matter
and early universe is still unknown. The physics of early universe can be examined and probed if we find any deviation from the
standard initial conditions. Consequently the observational verification of this deviation has a great importance.
The CMB observations are the dominant arena which early universe models are examined [7]. However there is a decade or
so that a great attention is focused on LSS as an alternative way to constrain the early universe physics [8–19]. The main
motivation of this work is to study the effects of inflationary models, which deviates from scale invariant initial power spectrum,
on large scale structure observations. This is important because the standard picture of the structure formation indicates that
the primordial anisotropies seen in CMB temperature maps has been sourced by the gravitational potential anisotropy in last
scattering surface. This potential anisotropies grow due to the gravitational instability and become the late time structures in low
redshift universe.
In this work we study the effect of features in primordial power such as a sharp feature in potential or a resonance feature which
is periodic in time and are introduced in inflationary models such as axion monodromy, brane inflation and also in multi-field
inflationary models [20–25]. These features despite to their model building and theoretical motivations can be presented as
standard clocks which can be used to parameterize the scale factor a(t) and put constraints on the type of early universe models
[26], where a pioneer works on this subject and the effect of these models on LSS is presented by Chen et al. [27] and Ballardini
et al. [28]. In this work we study the effect of these models on LSS observables beyond the matter power spectrum which is
studied in [27, 28].
We track the imprints of inflationary models in angular power spectrum of CMB anisotropies. We also study the effects of these
models in LSS observations such as power spectrum and correlation function of matter perturbations. The number density of the
structures are also discussed in this work. The advantage of LSS observations is that they produce 3D maps of the perturbations
that have more information than the 2D map of CMB. Also we can study the perturbations in sub-CMB scales and pin down
some deviations which are out of the reach of the CMB experiments. However we should note that the data in late time is
noisy, non-linear and biased. In this direction we study the effect of the early universe models on dark matter halo bias. Then
we conclude that the observations which trace the distribution of dark matter directly and are bias independent are prominent
ones for further studies. CMB lensing is a specific example of these observations, which we discuss it in this work with extend
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2[29, 30].
In this work we set the standard cosmological parameters by Planck[1]. This is done for simplicity of the study, in order to
track the primordial effect on LSS, we assume that the late time evolution of the Universe after CMB is not altered by these
modifications and the only effect which plays the crucial role is imprinted in primordial power spectrum. Accordingly we set
Ωm = 0.316 (matter density parameter), ΩΛ = 0.684 (cosmological constant density parameter), H0 = 67.27 km/s/Mpc
(present value of the Hubble parameter) and τ = 0.079 (optical depth)[1]. The structure of this work is: In Sec.(II), we
introduce the inflationary models with oscillations and steps which are considered as representative models introducing local
and non-local features. In Sec. (III) we examined the imprint of features on late time sky observations such as matter power
spectrum, correlation function, halo number density, halo-matter bias and redshift space distortion. In Sec. (IV) we consider
CMB lensing as bias independent observation. We calculate the effect of the inflationary models feature on CMB lensing angular
power spectrum. Also we forecast for future PRISM [77] like CMB experiments [31]. Finally in Sec. (V) we conclude and we
discuss the future prospects of the work. In appendix (A), we study the CMB temperature anisotropy and LSS power spectrum.
In appendix (B), we study the physics of number density with more detail and finally In appendix (C), we summaries the CMB
lensing Fisher analysis.
II. INFLATIONARY MODELS WITH STEPS AND OSCILLATIONS
In this section, we introduce the inflationary models that we are going to probe their effect on LSS data. The physics of
the scalar perturbation is imprinted in the two point correlation function of the gauge invariant curvature perturbation R or
interchangeably in it’s power spectrum, which is parameterized as
P¯R(k) = k
3
2π2
|Rk|2 = As( k
k∗
)ns−1, (1)
where P¯R is dimensionless power spectrum of curvature perturbation in the standard case of Gaussian, isotropic, adiabatic
and nearly scale invariant initial conditions. In the definition of the power spectrum As is the amplitude of the dimensionless
power in the pivot wavenumber k∗ and ns is the spectral index which shows the dependence of the power to the wavenumber.
The CMB anisotropy observations put strict constraints on these parameters in the CMB scales, ns = 0.9645 ± 0.0049 and
ln(1010As) = 3.094± 0.034 [2], where in this work we will use these best fits for the standard case study. The constraints on
the amplitude and spectral index of the primordial power is translated to the constraints on early universe inflationary models
[7]. However as mentioned in the introduction, it worths to test extensions of the primordial initial condition and check the
robustness of the prediction of the standard curvature power spectrum. We should also note that the full sky CMB observations
spans the angular moment scales of ℓ ∼ 2 − 3000, which means that in sub-CMB scales k > 0.3hMpc−1 (k is the comoving
wavenumber), we could have some deviations from the standard primordial power spectrum.
In this work, we will study the models that have high energy physics motivations and are also phenomenologically rich ones. In
some cases they can address the galactic scale challenges of standard model of cosmology (i.e. ΛCDM). The first modification
which we consider in this work is the extension which is defined with logarithmic oscillations as
P log
R
(k) = P¯R(k)
[
1 +Alog cos
(
ωlog ln(
k
k∗
) + φlog
)]
, (2)
where P¯R is the standard power low curvature perturbation power spectrum. The amplitude, frequency and phaseAlog , ωlog and
φlog respectively are free parameters of the power spectrum extension. This type of oscillatory powers appears in non-Bunch
Davis initial condition [20–22] or in axion-monodromymodels [23, 25]. In Fig.(1), the logarithmic oscillations primordial power
spectrum is plotted (red line), which can be compared with the black solid line, which represents the ΛCDM standard initial
condition power spectrum. In this work, we study the matter power spectrum and the matter density variance of this model and
we conclude that the logarithmic-oscillatory models have different and distinguishable features in late time observables.
The other type of the oscillatory modifications which appears in inflationary models is the linear oscillation with a scale depen-
dence amplitude. These models can arise from boundary effective field theories [32]. We use the parametrization of Meerburg,
Spergel and Wandalt [33] as below
P linR (k) = P¯R(k)
[
1 +Alin(
k
k∗
)nlin cos(ωlin(
k
k∗
)1/p + φlin)
]
, (3)
whereAlin, nlin, p and φlin are free parameters. In the case, if we set ωlin = p
2Ω/(1− p), where Ω is a free parameter, we will
recover the power spectrum introduced by Chen, Namjoo and Wang [26] for primordial standard clock models. In Fig.(1), we
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FIG. 1: Primordial power spectrum for ΛCDM (black), logarithmic (red) and linear (orange) oscillatory models and also a step function model
(green) is plotted versus the wavenumber. The free parameters of the models are fixed by Planck data [7].
plot the linear oscillation power spectrum (in solid orange) in comparison with the standard case.
As a final example, we will study the inflationary model with a localized modification to the power spectrum. Step-like features
in the potential of an inflationary model, which is introduced in a specific small range of wavenumbers [34] or the change
in the sound speed [35, 36] will lead to this type of localized change in the scalar primordial power spectrum. A general
parameterization describing the step-like models was proposed by Miranda and Hu (2014)[37], where we use the simplified
manifestation of this model studied by [7]
Pstep
R
(k) = exp
[
ln P¯R(k) + I0(k) + ln(1 + I
2
1 (k))
]
, (4)
where I0 and I1 are defined as
I0(k) = AsW0(k/ks)D(
k/ks
xs
), (5)
I1(k) =
1√
2
[
π
2
(1− ns) +AsW1(k/ks)D(k/ks
xs
)
]
,
with the window functions
W0 =
1
2x4
[(18x− 6x3) cos(2x) + (15x2 − 9) sin(2x)], (6)
W1 =
1
x4
{3(x cosx− sinx)[3x cos x+ (2x2 − 3) sinx]},
where x = k/ks andD(x) = x/ sinhx is the damping function. We should note that the only parameter that we are interested
in is the position of the step function, which is represented by ks. In Fig.(1), we plot the step function primordial power spectrum
(in green solid line) in comparison with the standard case. In Appendix(A), we will study the effect of these models on CMB
angular power spectrum, where the strictest constraints come from. In the next section, we will study the effect of these models
on late time observables.
III. LATE TIME SKY
In order to study the effect of the deviation from standard initial conditions in LSS observations, we look at the perturbed
universe in low redshifts and we will study the dynamics and statistics of perturbations. In the first subsection we study the
interconnection of the matter and initial curvature power spectrum. In the second subsection, we will study the effect of infla-
tionary models in number density of halos, in the third one we discuss the halo-matter bias and in the final subsection we study
the redshift-space distortion effect and the correlation function of dark matter tracers.
4A. Primordial power spectrum vs matter power spectrum
In order to study the evolution of the late time Universe we use the perturbed FRW metric in Newtonian gauge (we set c = 1)
ds2 = a2(η)
[−(1 + 2Φ(~x, t))dη2 + (1− 2Φ(~x, t))dχ2] , (7)
where Φ(~x, t) is the Bardeen potential and the scalar degree of freedom. We will look at the evolution of the Bardeen potential
in late time Universe and its relation with primordial initial condition in this section. The physics and statistics of the primordial
curvature perturbation put its fingerprint on late time LSS via Bardeen potential. The gravitational potential in Fourier space,
Φ(k, z), is related to the primordial curvature perturbation Rk via an evolutionary equation which depends on redshift and
wavenumber as
Φ(k, z) =
3
5
T (k)D(z)(1 + z)Rk, (8)
where T (k) is the transfer function, which imprints the evolution of the potential in horizon crossing and radiation-matter
equality. The growth function D(z) shows the redshift evolution and growth of the potential in late Universe. In standard
ΛCDM model this growth function is scale independent. The normalization is defined in such a way that D(z)(1 + z) goes to
unity in deep dark matter dominated era. In this work we use the standard fitting function of ΛCDM model for growth function.
For the transfer function, we will use the function introduced by Eisenstein and Hu[38], which includes the baryonic effects
on the matter power spectrum. Now in order to see the connection of matter distribution function and density contrast with
primordial curvature perturbation we use the Poisson equation in Fourier space
k2Φ(k, z) = 4πGρma
2δ∗(k, z), (9)
where δ∗ = δ + 3H(1 + w)θk/k2 is the gauge invariant density perturbation and θk = i~k.~v is the divergent of the peculiar
velocity in Fourier space,H = aH is the conformal Hubble parameter and ρm is the background matter density. In sub-horizon
regime we can neglect the second term in definition of δ∗ and replace the gauge invariant quantity with matter density contrast
(δ∗ ≃ δ). Using the evolutionary Eq.(8) we can relate the matter density contrast to the primordial curvature perturbation
δm(k, z) =
2
5
k2T (k)D(z)
H20Ωm
Rk, (10)
whereH0 is the present value of the Hubble constant. Accordingly we can find the dark matter power spectrum using Eq.(10) as
Pm(k, z) =
4
25
k4T 2(k)D2(z)
H40Ω
2
m
PR(k), (11)
where PR(k) is the curvature power spectrum. The matter power spectrum can be written in its conventional form as below
Pm(k, z) = AlssT
2(k)D2(z)kns , (12)
where Alss is the amplitude of matter power spectrum in late time for LSS, and ns is the spectral index of primordial pertur-
bations. The dimensionless curvature perturbation power spectrum PR(k) is defined in Eq.(1). Accordingly the matter power
spectrum amplitude Alss is related to the primordial power due to Eq.(8) as
Alss =
8π2
25
k1−ns∗
H40Ω
2
m
As. (13)
We should note that another way to fix the amplitude of power spectrum is by measuring the variance of mass in a specific scale,
which is conventionally introduced to be in scale of 8Mpc/h. In App.(A) we plot the matter power spectrum for inflationary
models we introduced in Sec.(II). To finalize this subsection, we have to study the change of the variance in matter density
contrast. The variance of matter perturbations has a crucial role in the non-linear structure formation and the abundance of the
structures. The variance of mass is related to the matter power spectrum by the relation
σ2(M, z) =
∫
d3k
(2π)3
Pm(k, z)W
2(kR), (14)
where in this definition Pm is the matter power spectrum in the linear regime introduced in Eq.(11) which is obtained by using
a linear theory transfer function. The window functionW (kR) is the Fourier transform of the top-hat filter which is defined as
W (y) = 3
sin(y)− y cos(y)
y3
, (15)
5-0.05
 0
 0.05
 0.1
 6  8  10  12  14
∆σ
(M
) /
 σ
(Μ
)
Log10(M/Msun)
Alog=0.05, log10ωlog=1.5, φlog/2pi=0.6
Alog=  0.5, log10ωlog=1.5, φlog/2pi=0.6
Alog=  0.5, log10ωlog=0.5, φlog/2pi=0.6
Alog=  0.5, log10ωlog=0.5, φlog/2pi=0.0
FIG. 2: The relative variance change is plotted versus mass for logarithmic oscillation model. The solid red line is plotted for deviation from
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FIG. 3: The relative variance change is plotted versus mass for linear oscillation model. The solid red line is plotted for deviation from standard
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= 1.7, nlin = 0.7 and φlog/2π = 0.6 which are the best fit parameters with
Planck data. The dashed green line is plotted with parameters Alin = 0.03, log
ωlin
10
= 1.7, nlin = 0.0 and φlog/2π = 0.6. The solid blue
line is plotted with Alin = 0.5, log
ωlin
10
= 1.7, nlin = 0.0 and φlog/2π = 0.6. and the orange dotted line is plotted with Alin = 0.5,
logωlin
10
= 1.7, nlin = 0.0 and φlog/2π = 0.6 and finally the brown long dashed dotted line is for Alin = 0.5, log
ωlin
10
= 1.7, nlin = 0.0
and φlog/2π = 0.0.
where y = kR and the mass is related to window function scale via M = 4πρR3/3. In Fig.(2), we plot the change in the
variance of matter density perturbations versus mass for logarithmic oscillation model. A very crucial point to indicate here,
is that high frequency modification has almost negligible effect on variance change (less than 0.1%), this is because of the
cancelation due to Eq.(14). In contrary, the low frequency modification has significant difference. However the low frequency
modifications of primordial power is already ruled out by CMB observations (see App.(A)). These observations may lead to
crucial consequences in inflationary model building as the frequency of the oscillations are related to the mass of fields and their
couplings in inflationary era.
In Fig.(3), we plot the change in the variance of matter density perturbations versus mass for linear oscillation model. In this
model, again we observe that high frequency changes have negligible effect on variance term, even smaller than logarithmic
oscillatory model. However the difference for low frequency is significantly higher in large masses of dark matter halos. Ac-
cordingly the effect of this model on the change of variance from the standard case can be neglected. In Fig.(4), we plot the
variance change ratio versus mass for step function in inflationary models. This is very important result to emphasis. The specific
wavenumber in which the model breaks its scale invariance of primordial power spectrum introduce a specific mass in which the
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FIG. 4: The ratio of variance change versus mass for inflationary models with step function. The long dashed red line is plotted for deviation
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variance has the maximum change. This specific mass scaleM∗ can be approximated as
M∗
1012M⊙
≃ α(Mpc/h
k∗
)3, (16)
where α ≃ 1.2Ωmh2. This mass scale corresponds to the window function radius with R ∼ 1/k∗ . This mass scale become an
important indication on the number density of the structures. In the next subsection, we will study the effect of these deviations
on the number density of structures which are deduced from non-linear structure formation methods.
B. Primordial Power Spectrum and Number Density of the Structures
The mass profile of the structures can be obtained with assumption of the Press-Schechter [39] or more sophistically by the
Excursion Set Theory (EST) and the physics of random processes [40–44]. The idea of the Press-Schechter is a probabilistic
approach, where it assumes that the probability of the density perturbations in initial field with a smoothing region that passes a
certain barrier is almost equal to the number density of halos with the mass equal to the one in initial smoothing region. In EST
this argument is developed using the random walk mechanism of density perturbation on different scales, where it proposed a
way to overcome the cloud in cloud problem. In the standard case of EST the number of trajectories that passes the barrier for
the first time is related to the number density of structures in the mass scale ofM andM + dM as
n(M, z) = −2 ρm
M2
f(ν)
d lnσ(M, z)
d lnM
, (17)
where ν ≡ δc/σ(M, z) is the height parameter that is defined as the ratio of the spherical collapse critical density δc ≃ 1.68
[45] to the variance of mass M , which is related to the smoothing scale R in window function(M = 4πρR3/3). In the case
of using sharp k-space filter for smoothing the densities , which correspond to uncorrelated steps in random walks in EST, the
universality function becomes as
fPS(ν) =
1√
2π
νe−ν
2/2. (18)
Accordingly by knowing the primordial power spectrum and choosing the corresponding smoothing function, where in this
work is sharp k-space, we can obtain the number density of structures. We should note that any deviation from standard model
of collapse will introduce a moving barrier [46]. Also the change in smoothing scale will be reflected in EST by having non-
Markovian walks [47]. For a specific case for studying the effect of featured inflationary models, we use the Sheth and Tormen
universality functionwhich is defined to incorporate the ellipsoidal collapse [48]. The universality function of ellipsoidal collapse
is approximated as
fST (ν) = A(1 +
1
ν˜2q
)fPS(ν˜), (19)
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where ν˜ = 0.84ν and q = 0.3. The normalization A ∼ 0.322 is set to have the integral of fST/ν over all ν s become unity.
The number density of the structures are affected from initial power spectrum via the variance of the perturbations. In previous
section, we show that oscillatory models do not change the variance due to the integration effect over different wavenumbers.
Accordingly in this subsection, we only consider the effect of the step-function model. In Fig.(5) we plot the ratio of the change
in the number density of structures in comparison with ΛCDM versus dark matter halo mass. Each curve is plotted by different
position of the sharp feature. It is interesting to note that by increasing the scale of kstep, the deficit in the number of structures
moves to smaller masses. As we discussed the sub-CMB scale k > 1h/Mpc are not constrained by temperature anisotropy data,
where LSS observations can be used as a test. An interesting point to indicate in this subsection is that, the sharp feature in
initial power spectrum can causes to deficit of number density of halos in specific mass range. This can be understood in a sense
that the scale of the up-crossing of the trajectories is shifted. This shift is due to change in the matter power spectrum which is
affected by primordial power accordingly. In the conclusion and future remarks we will discuss this point further that one of the
probable solutions to the too big to fail problem [49, 51] can be the physics of early universe which its power deviates from scale
invariance in non-linear regime [52, 53]. However we should note that due to complicated nature of the non-linear structure
formation, the effect of linear power spectrum change in the abundance of the structures is not straightforward. Accordingly
N-body simulations are needed to capture the full physics of the non-linear regime with different initial conditions [54, 55]. In
the next subsection we will discuss the dark matter halo bias.
C. Halo Bias
In this subsection, we discuss the effect of inflationary models on dark matter halo bias. This parameter defined as the ratio of
halo number density contrast δh(M, z) to the underlying dark matter as
b(M, z) = δh(M, z)/δm(z), (20)
where δm is the long mode, linear regime dark matter density contrast. The linear bias in its standard definition de-
pends on the mass of dark matter halo. In order to find this dependence we use the definition of halo density contrast
δh = n(M, z;X)/n¯(M, z) − 1, where n¯ is the average number density of structures in redshift z for the halo masses be-
tween M andM + dM . The X represents the parameter of the perturbation, which in the first order can be the long mode of
matter perturbation. Using the Peak-background splitting idea[57], we will have
bL(M, z) =
∂ ln n¯(M, z)
∂δl
, (21)
where bL is the Lagrangian bias which is the evolved and observed to Eulerian bias, where in linear regime it becomes as
bE = 1 + bL. In order to obtain the bias in this framework, we use the Sheth-Tormen universality function introduced in
Eq.(19) for the number density of structures. Again we assert that the effect of the initial power spectrum on linear regime bias
is introduced via the variance, where we discussed that oscillatory models have negligible effect on it. Accordingly, we study
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and discuss the effect of the step-function model. In Fig.(6), we plot the difference of bias parameter from standard case with
inflationary model introduced in Eq.(4) with the specific wavenumber kstep in different scales. The figure shows that the bias
changes in a specific mass scale depends on the scale where primordial inflationary model’s potential deviates from its scale
invariance potential. Also we show that when we set kstep = 10
−3, the change in the bias parameter is negligible, accordingly
the Fisher matrix analysis presented in [27] is not affected by the bias corrections. We should note that the bias parameter which
is obtained from number density of dark matter halos due to the response effect [56, 57] must be studied carefully when the effect
of primordial curvature power is in small scale (non-linear regime in late time), where the complexity of non-linear structure
formation can alter our conclusions. In the next subsection, we will discuss the redshift space distortion effect, in which the bias
are the main contributor for finding the correlation function and power spectrum of galaxies.
D. Redshift space distortion, galaxy power spectrum and correlation function
The velocity field of dark matter tracers, such as galaxies, by itself can be a probe of matter density field in late time sky.
Due to the continuity equation in the linear regime the velocity of dark matter tracers in Fourier space is obtained as v(k, z) =
ifHδm(k, z)/(1 + z)k, where f is the growth rate of the structures for late time evolution which is defined as the logarithmic
derivative of density perturbation with respect to scale factor. The growth rate can be approximated as f = Ω˜γ(z) where
Ω˜ = Ωm(1 + z)
3/E2(z) and γ ≃ 0.55 for ΛCDM. Accordingly one can find the dispersion of the velocity field (also known as
bulk flow) via the Fourier transform of the velocity power spectrum which results
〈v2〉R = H
2
0f
2
2π2
∫
P (k)W 2(kR)dk. (22)
The above equation, shows how the matter density power spectrum can change the bulk flow velocity [58, 59]. Meanwhile the
velocity field has an effect on the number density of structures in the redshift space, known as redshift space distortion effect.
The galaxy power spectrum in redshift-space is as
Pg(k, z;X) = b
2(k, z;X)Pm(k, z)(1 +
2
3
β +
1
5
β2), (23)
where Pg(k, z;X) is the observed power spectrum which is calculated by a tracer X . The redshift space distortion parameter
is β = β(k, z;X) ≡ f/b, where b is the bias parameter. We should note that the bias depends on the characteristics of the
dark matter tracer. We have to indicate that the change in the initial curvature power spectrum will change the bias parameter.
Accordingly the redshift space distortion parameter β will be altered from standard ΛCDM model. Now the interesting point to
emphasis here is that the redshift space distortion parameter is used to measure the growth of structures and consequently is a
test of modified gravity models. This is usually done by the combination of fσ8 which is a bias independent quantity. However
we should note that this is true in the case of ΛCDM or the models which are near to it, with almost scale independent growth
function. In Fig.(6), we showed that the bias parameter can be changed due to early universe models. Accordingly the deviation
from redshift-space distortion parameter or galaxy power spectrum can not be uniquely assigned to late time dark energy models
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[60, 61]. In consequence, the inflationary models with non standard characteristic such as sharp features can alter the redshift
space distortion parameter. This degeneracy introduced in redshift-space distortion parameter by early and late time deviations
of standard model.
On the other hand one of the main observables in large scale structure, is the correlation function of dark matter tracers like
galaxies and Lyman alpha forest and etc. The interest on large scale correlation of structures becomes more because of the BAO
scale which is used as a distance indicator. In this sense, we are going to study the effect of inflationary models on the correlation
function and also on the BAO scale. It worths to emphasis that logarithmic and linear oscillatory models can introduce effects
on BAO scale. In Fig.(7), we plot the correlation function for the standard ΛCDM model and with an inflationary model with
log-oscillation, linear oscillation and step function, all of them with Planck best fit parameters. The very interesting point to
indicate is that only the logarithmic-oscillation model has a drastic effect on the correlation function. This is because the model
has an oscillation in primordial power and the physics of BAO oscillation imprints in transfer function where both of them affect
the correlation function. Accordingly the galaxy correlation function can change the position and the amplitude of the peak. On
the other hand the correlation function data like the one obtained from SDSS CMASS and LOWZ sample [62] can constrain the
log-oscillation models, however this analysis should be done by much care, and by including all the free parameters of the model
and the reconstruction must be done carefully. The data points in Fig.(7), shows the error bars in matter correlation function.
In Fig.(8), we plot the correlation function restated in terms of r2ξ versus comoving distance for log-oscillatory mode with best
fit parameters of Planck. The figure shows that the position and amplitude of the theoretical model of correlation function is
affected by the phase of the log-oscillatory model. This change in position of the BAO scale is very important as it is used as
distance indicator to distinguish between dark energy models[63]. As a final point in this subsection we should note that the
10
non-linear effect in principle can smears out the oscillatory effect by mode mixing. This can be an obstacle for detecting the
effect of oscillatory models in large scale observables, such as BAO peak[55].
In the next subsection we will discuss about the CMB-lensing as a probe of inflationary models.
IV. CMB-LENSING
In this section, we search for the imprints of the primordial power spectrum features on the CMB lensing map. The weak
gravitational lensing of CMB is happened due to the deflection of the CMB photons caused by the structures in the late time
universe in the line of sight of the CMB photons. The interesting point about CMB lensing, (lensing in general) is that the
displacement, magnification and shear of the sources is introduced by the whole matter in the line of sight ( dark matter and
baryonic). This means that by using the lensing observations we can by-pass the problem of dark matter-baryonic matter bias.
Accordingly the CMB lensing can be used as a fair probe of dark matter distribution which has the imprint of early universe on
it. In the upcoming two subsections, we discuss the current and future status of CMB lensing observation considering the effect
of the models we considered.
A. Current Status
The lensed CMB temperature we observed in a specific direction is modified as T˜ (nˆ) = T (nˆ′ + ~α), where nˆ indicate the
direction of observation on CMB sky and nˆ′ is the direction of primordial temperature anisotropy which is mapped by the
deflection angle ~α to the observed point. The deflection angle can be extracted by ~α = ~∇ψ, where ψ is the lensing potential
which can be defined for each observational direction [19]
ψ(nˆ) = −2
∫ χ∗
0
χ∗ − χ
χ∗χ
Φ(χnˆ; η0 − χ)dχ, (24)
where Φ is the Bardeen potential, χ∗ is the comoving distance to the CMB, η0 is the conformal present time(c = 1) and the
integral is over the comoving distance χ. The expansion of lensing potential in terms of spherical harmonics gives
ψ(nˆ) =
∑
lm
ψlmYlm(nˆ), (25)
where ψlm is the expansion coefficient. The physics of the CMB lensing is encoded in angular power spectrum which can be
expressed by
〈ψlmψ∗l′m′〉 = δll′δmm′Cψl . (26)
The lensing potential is related to the Bardeen potential and as we discussed previously the gravitational potential is obtained
from curvature perturbations by transfer function T (k) (which consider the effects of horizon crossing and matter-radiation
equality) and growth functionD(z) (which consider the effect of late time accelerated expansion of cosmos). On the other hand,
one can express the lensing potential due to matter power spectrum. The Poisson equation relates the Bardeen potential to matter
density contrast Φ(k, z) =
3
2
H2Ωm(1 + z)
k2
δm. Accordingly the lensing angular power spectrum can be written in terms of
matter power spectrum as
l4Cψl =
∫ z∗
0
dzWψ(z)Pm(
l
χ
, z), (27)
whereWψ is the kernel for lensing potential and Pm is the matter power spectrum, which is related to curvature power spectrum
via Eq.(11). Note that in obtaining Eq.(27), we used the Limber approximation, which is valid for high angular moments (l≫ 1).
Also by going to higher moments means that we are probing the matter power spectrum in non-linear regimes. Accordingly the
matter power spectrum in Eq.(27) must be replaced by non-linear power spectrum. Finally we should note that the lensing kernel
is
Wψ(z) = 9(cH−10 )
3 1
E(z)
(1 − χ
χ∗
)2Ω2m(1 + z)
2. (28)
In Fig.(9), we plot the angular power spectrum of lensing potential in terms of moments ℓ for standard ΛCDM model with best
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fit parameters of Planck. The data points are from CMB lensing observation of Planck collaboration [30] and ACT data [64].
The green dashed line is obtained from non-linear power spectrum [50]. In the inset figure, we show the confidence level which
can be achieved from future CMB experiment the PRISM collaboration[31, 65]. We should note that the non-linear effects
enhance the CMB lensing effect, this can be an interesting point for detection of the small scale features of inflationary models.
However we know that the complexity of the non-linear structure formation can change the prediction that we present in this
section. Complimentary N-body simulations can address this problem.
In Fig.(10), we plot the change in the angular power of CMB lensing potential with respect to the ΛCDM for logarithmic-
oscillatory models with Planck best fit parameters. It is obvious that the change in lensing potential angular power spectrum
with respect to Planck best fit set of parameters is negligible when the frequency of oscillations in inflationary models are high.
In Fig.(11), we plot the change in angular power spectrum of CMB lensing potential with respect to ΛCDM when we choose
linear-oscillatory models. The parameters are from Planck best fit and the ones which we used them in the Fig.(11). In this
case, the same as the logarithmic-oscillatory models best fit parameters of Planck are showing non significance imprint on
lensing potential angular power spectrum. In Fig.(12) the change in angular power spectrum of CMB lensing with respect to
ΛCDM, is plotted. In which the inflationary model with step in potential is studied accordingly. In Fig.(12) we change the
ks which parameterize the place of the feature on primordial power spectrum. Fig.(12) shows that deviation from ΛCDM for
step in potential models is also a localized feature. The place of this localized feature depend on ks for high ks the feature on
CMB lensing potential appears in high l and vise versa. On the other hand, when cosmic variance is dominant in low l so step in
potential model with Planck best fit set of parameters, could hardly be observed and constrained with CMB lensing. Accordingly
the CMB lensing is one of the best observational probes for localized feature models when the feature occurs in intermediate to
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large wavenumbers.
B. Future Forecast
In this subsection, we study the future forecast on the free parameters of inflationary models using the CMB -lensing obser-
vations. As we discussed in previous sections, CMB lensing observations is one of the unique opportunities which is probing
the cosmological models without the degeneracy of dark matter-baryon bias, which in its own can be effected by cosmological
models and introduce some degeneracies.
For doing forecast we use Fisher matrix analysis. The formalism of Fisher matrix analysis of CMB lensing is introduced in
App.(C). The forecast is done for future CMB experiment and also Planck experiment for comparison. In the App.(C) the re-
sult for logarithmic-oscillation, linear oscillation and step in potential model with Planck temperature map best fit parameter is
calculated. As we except there is no significance result in these cases for Planck like experiments. Our result will show that in
future experiments the situation is not change very much.
However changing the fiducial parameters may changes the situation. In Fig.(13) we change the kstep from Planck best fit case
to kstep = 10 when all the other parameters are unchanged. The Fig.(13) shows that the contours will be closed in future CMB
experiment when they are open in the Planck experiment. The result is significance. It shows that a localized feature, appeared
in k ∼ 10 will be detectable in future CMB lensing experiment which is in very small scales. Deviation of primordial power
spectrum from ΛCDM in these scales could be related to small scale crisis of ΛCDM.
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V. CONCLUSION AND FUTURE REMARKS
The CMB and LSS observations are two main arenas to test the physics of early universe. This can be done by studying the
effect of deviation from standard case of isotropic, nearly scale invariant, Gaussian and adiabatic primordial power spectrum on
the observables.
In this work, we study the inflationary models with logarithmic and linear oscillation and a step function. We study the effect
of the parameter space on CMB temperature anisotropy and late time observables. We stated and show that LSS can be used
as a complimentary probe with the CMB data to study the inflationary models. Especially LSS can probe the deviations from
standard initial conditions in sub-CMB scales k > 0.3h/Mpc. For this statement we show that the step-like models that have
a feature in small scale can have an observable effect on small scales. On the other hand we show that the oscillatory models
with high frequency which is now favored by CMB observations almost have no effect on non linear structure formation. The
corresponding observations such as number density of dark matter halos are unaffected by these models. However a very specific
observation known as the correlation function of dark matter tracers can be affected from logarithmic-oscillatory models. This
is a very new feature that we show in this work that the standard ruler of BAO can be affected by early universe physics. The
previously known features are the dark matter-baryonic matter bias, non linearities and redshift space distortion [66], where now
we assert that the deviation from standard scale invariant initial conditions can have a degenerate effect on BAO scale and its
amplitude.
Beside the BAO scale, in this work we show that some degeneracies can be arisen in cosmological observations such as redshift
space distortion and matter correlation function from the physics of early universe and the deviation from ΛCDM in late time.
Accordingly we should use complementary observations to break the degeneracy.
On the other hand, we show that the localized features can have a significant effect on non-linear structure formation. The sub-
CMB scales which are not constrained by CMB observations are open to this type of modification. More explicitly we show that
the step function in k > 1h/Mpc change the number of structures. Accordingly we will propose that the galactic scale crisis of
cold dark matter model can be addressed by the localized feature inflationary models with significant amplitude. This will be a
proposal for future research on studying the whole physics of structure formation from halo formation, merger and evolution.
We should note that although the LSS open a new horizon with more data in 3D tomography of the universe for checking
initial conditions, however it suffers from non-linear physics and bias of baryon-dark matter. In this direction we suggest that
observations such as CMB lensing which trace the distribution of all matter is a profound one to probe the early universe model.
In consequence of this we study the Fisher forecast of these models with future CMB lensing observations, which tighten the
constrained on free parameter of the model. Also we show that the results strictly depend on fiducial parameters. We show that
the CMB lensing is the best experiment to detect the localized features in scales smaller than k ∼ 1 h/Mpc which are important in
physics of galaxy scale. We assert that the CMB lensing is a powerful observation because it probes smaller scales in comparison
to the temperature anisotropy maps. This is because the lenses spread all the way from CMB to us effectively deflect the CMB
light in lower redshifts. So with the same angular resolution that we observe the CMB we can probe the smaller scales. As a
specific example, we explicitly show that the future CMB observations like PRISM can detect a step-like feature in primordial
power spectrum in scales of k = 10 h/Mpc.
Finally we conclude that in the case that any anomaly from standard initial condition, which is found in CMB scale or it is hidden
in sub-CMB scales must have its fingerprint on LSS observations, because of the whole picture of the structure formation and the
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future LSS surveys with small scale high resolution CMB experiments can find these effects. For future remarks, we should also
note that in this work, we study the LSS probes which are related to two point function statistics. Accordingly higher order effects
like non-Gaussianity worths to take into account in future studies[67, 68, 70, 71] Also a full analysis of free parameters of model
with the late time parameters is needed. Another direction which can be useful for further study of inflationary models can be the
CMB polarization data which can help as a complimentary CMB scale probe for any deviation from standard initial conditions
[69]. The other direction which needs a thorough investigation is the non-linear structure formation via semi-analytical methods
[76] or N-body simulation [55]. The complexity of non-linear structure formation can make the detection of the features difficult,
however in the case of the CMB lensing it enhances the signal. As a final word, it worths to mention again that some anomalies
in late time large scale structure observations, like galactic scale crisis, can be a hint of non-standard initial conditions and can
be considered as a new horizon to the physics of early universe studies.
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Appendix A: CMB temperature anisotropy and late time matter power spectrum
In this appendix, we present the study of the CMB temperature angular power spectrum for logarithmic-oscillation, linear-
oscillation and step-like in potential models. The Planck data for temperature angular power spectrum and the ΛCDM best fit
for matter power spectrum are also presented in figures for comparison.
1. CMB temperature anisotropy
The upcoming plots show how well the CMB constrains the deviation from standard model and in the main body of the paper,
we also discuss the effect of different modification on CMB and LSS observables.
In Fig.(14), we plot the CMB temperature anisotropy for a logarithmic-oscillation model introduced in Eq.(2) for the Planck
best fit parameters and a set of parameters using the well known CLASS code [72] . The Fig.(14) shows that how strict are
the constraints on this kind of models via CMB data. The main lesson we get from this figure is that the amplitude of the log-
oscillation models are very constrained by CMB. This is important as we show in the main body of the work that low amplitude
oscillatory models have negligible effects on the change of the number density of the structures in late time. In Fig.(15), we plot
the CMB temperature anisotropy for a linear-oscillation model introduced in Eq.(3) for the Planck best fit parameters and the
change of the parameters we used in this work. From this figure, again we see that the CMB temperature anisotropy constrained
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the deviations from standard case strongly. However in order to probe the physics of this model in late time, we will anticipate
that the models could have higher amplitudes. Accordingly We choose the spectral index of the linear oscillations correction
to zero in order to not blow up the power in large scales. In this work, we have discussed the compatibility of the models and
the constrains we get from CMB and LSS, simultaneously. In Fig.(16), we plot the CMB temperature anisotropy for a step-like
inflationary model introduced in Eq.(4) for the Planck best fit parameters and the change of the parameters we used in this work.
The Fig. (16), shows that step in primordial power with intermediate wavenumber kstep ∼ O(0.1)Mpc−1 are already ruled out
with the temperature anisotropy data ( presented by green line in the corresponding figure).
However the very long wavelengths which corresponds to low ℓs which can address the anomalies in CMB angular power
spectrum and small wavelengths which can correspond to galactic scale problems are not ruled out by CMB anisotropy data.
The LSS analysis, as discussed in the main body of the work can shed light on the subject.
2. Matter power spectrum
In this subsection we will study the imprint of inflationary model’s primordial power spectrum on the late time matter power
spectrum. The matter power spectrum is calculated using linear theory and Eq.(11). The Planck best fit set of parameters and
the other parameter sets are considered
In Fig. (17), we plot the linear matter power spectrum for ΛCDM with standard initial conditions and the power spectrum
with logarithmic oscillatory primordial curvature perturbations. The plot consider the Planck best fit parameters Alog ≃ 0.3,
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FIG. 17: Logarithmic oscillatory model’s matter power spectrum (top) and difference with ΛCDM (bottom) with various choice in model
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parameters is plotted versus wavenumber. The parameters of linear-oscillatory model for each color are the same as Fig.(3).
log10ω = 1.5 and phase of φ = 2π × 0.6. The bottom panel shows the ratio of the difference in power spectrum versus
wavenumber. The difference with best fit of Planck parameters on power spectrum is in order of ∼ 1%. The other curves are
plotted with higher amplitude Alog = 0.5 in order to study the physics of the modification and its effect on the matter power
spectrum and the other observables of large scale structure. A very important point to indicate here is that the oscillatory feature
with high frequency in matter power spectrum causes to a cancelation of any desired quantity which is defined as integral over
different wavenumbers, this is true for example for variance of matter perturbations. This is discussed extensively in the main
body of the work.
In Fig. (18), we plot the linear matter power spectrum for ΛCDM with standard initial conditions and the power spectrum with
linear oscillatory primordial curvature perturbations. The plot consider the Planck best fit parameters Alin ≃ 0.03, log10ωlin =
1.7, nlin = 0.7 and φlin = 2π × 0.6. In the linear case, also we have the same observation that the modifications with high
frequency is also have no effect on integrated quantities.
In Fig. (19), we plot the linear matter power spectrum for the step function. The matter power spectrum has a localized
significant change due to the primordial feature. This is in contrast with the logarithmic and linear oscillation models, where
they need low frequencies for their oscillations in order to be have a localized feature in late time observations.
This key observation will lead to a distinguishing feature which can help us to find the effect of inflationary models with step
function in late time observables. Also Fig.(19) shows that the effect of changing kstep on power spectrum changes the position
of the feature in k space.
The main contribution of these models on late time observables are discussed extensively in Sec.(IV).
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Appendix B: Halo number density
In this appendix we discuss some other issues on the effect of inflationary models on the number density of the structures.
This is done by considering the effect of deviation from standard case in the number density in different redshifts. Also we
study the effect of ellipsoidal collapse and its differences with spherical one. The halo number density for ellipsoidal collapse
is obtained by using the universality function introduced in Eq.(19) by Sheth and Tormen. This is done in order to see how
ellipsoidal assumption would changes the result for halo number density. In the top panel of Fig. (20) halo number density and
in the bottom panel of the figure the relative changes in halo number density with respect to ΛCDM is plotted. The model we
consider here is the step function model. We set kstep = 10h/Mpc and the other parameters of the model is fixed by Planck best
fit and both the Press-Schechter and Sheth-Tormen cases are considered. The bottom panel of Fig. (20) shows that both cases
have the same features in number density due to step function.
In Fig.(21) we examined the halo number density (top panel) and the changes in halo number density from ΛCDM due step
model (bottom panel), in different redshifts. The model for feature is the step function model in potential with kstep = 10h/Mpc
and other parameters are set with Planck best fit. The result is calculated considering growth function in higher redshift Eq.(12)
and using Eq.(17). The Fig.(21) indicates that the deviation of number density from ΛCDM have a generic shape which is not
altered strongly even in larger redshifts. These generic shapes that we see in the change of the number density of structures due
to features, can be a reasonable hint to the idea that we proposed in the main body of the paper that the inflationary models can
address some galactic scale crisis.
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is plotted. The black solid line shows the confidence level due to Prism-like observation. The green dashed line represent the Planck -like
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Appendix C: Fisher analysis of CMB lensing
In this appendix we discuss the main analysis we used for Fisher forecast of the CMB lensing probe. Fisher matrix analysis
is a simple statistical method for studying the future experiments ability to constrain models. Here we consider the special case
of CMB lensing and inflationary models which are examined in this paper. The key assumption in this formalism is that the
likelihood function is a multivariate Gaussian function of the parameters of the model. This proposal must be used with care for
the models that their free parameters are not Gaussian around the best fit. However the Fisher matrix analysis is fast and simple
method which can anticipate the result of the future experiments, when we set the parameters of models as previously known.
As mentioned, by the assumption of Fisher matrix analysis, Likelihood would be like
L(θi) = exp
[
(θi − θ¯i)Fij(θj − θ¯j)
]
, (C1)
where Fij is Fisher matrix and θi(θ¯i) are parameters (fiducial parameters) of our model. So by considering the partial derivatives
of the likelihood we can derive the equation for Fisher matrix as
Fij =
∂2 lnL
∂θi∂θj
. (C2)
On the other hand we can relate Likelihood to χ-square of a data set. If we suppose that fox is a data set for observation over
different x and if we calculate fox using our model f
th
x (θi) for a set of parameters θi, then by definition we can find the Likelihood
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as
L(θi) = e
−χ2/2, (C3)
where
χ2 =
∑
x
(f thx (θi)− fox)COV −1xy (f thy (θi)− foy ), (C4)
where COVxy is the correlated error matrix and is highly related to errors introduced by instruments of experiment.
For the CMB experiments the Fisher matrix could be find as ([73])
FXYij =
∑
l
∂CXl
∂θi
(COVl)
−1
XY
∂CYl
∂θj
, (C5)
here X and Y are introduced as temperature or E mode polarization. So we neglected B-mode polarization because in usual
case one could consider that B-mode polarization and lensing potential are not correlated with temperature and E-mode. So we
must calculate Fisher matrix for B-mode and lensing separately. Accordingly we will have
FBij =
∑
l
∂CBl
∂θi
∂CBl
∂θj
(2l+ 1)fsky
2(CBl +N
L
l )
2
, (C6)
and for the lensing potential spectrum we can write:
FLij =
∑
l
∂CLl
∂θi
∂CLl
∂θj
(2l+ 1)fsky
2(CLl +N
L
l )
2
, (C7)
where in these equations fsky is the fraction of sky that experiment covers, the terms (2l + 1)fsky/2 is assigned for cosmic
variance and Nl is the detector’s noise which is different for temperature and polarization and must be measured separately. For
Lensing potentialNLl is the noise that arise from quadratic estimator. Finally the detector’s noises are:
NTl =
(
∆T
TCMB
)
el(l+1)θ
2
F /8 ln 2, (C8)
NEl = N
B
l =
(
∆P
TCMB
)
el(l+1)θ
2
F /8 ln 2.
In which we neglect effects of foreground noises when they can be eliminated by several frequency bands measurement. In
above equations TCMB is the CMB temperature which is set to 2.73K and ∆T and θF are some parameters that define the
strength of the instrument. These two parameters and also the frequency band are reported as details of instruments. For Planck
20
and future like experiment we follow Kasanda and Moodley [65].
For lensing potential the situation is different and the noise is mainly arises from reconstruction of lensing map from lensed
temperature and polarization data. For instance the NLl is taken to be the noise of minimum variance estimator.[65, 74]
NLl =
1∑
αβ N
−1
αβ (l)
. (C9)
Note that α and β represent pair of (x, x′) which x and x′ are belong to {T,E,B}. Accordingly for Nαβ we have 6 × 6 = 36
components. (If we neglect BB-map the number of components will reduce to 25). The Nαβ is given by [65, 74]
Nαβ(l) = l
2Aα(l)Aβ(l)
∫
d2l1
(2π)2
Fα(l1, l2) (C10)
[ Fβ(l1, l2)× Cxαxβl1 C
x′αx
′
β
l2
+ Fβ(l2, l1)× Cxαx
′
β
l1
C
x′αxβ
l2
],
where l2 = l− l1 and Aα and Fα are some functions that depend to angular power spectrums of α and l. As mentioned α (or β)
are any pair of (x, x′) which x and x′ are members of {T,E,B}
Also we have [65, 74]
Nαα(l) = Aα(l). (C11)
Here for simplicity we assume only TT-map is used for reconstruction and will neglect all other terms which can become
correlated with polarization maps. This is useful when only temperature map is used to reconstruct lensing potential. By this
simplification the noise will be as[75]
N−1l =
1
l2
∫
d2l1
(2π)2
(l.l1C˜l1 + l.l2C˜l2)
2
2Ctotl1 C
tot
l2
, (C12)
where Ctotl = Cl + C
noise
l and Cl(C˜l) is lensed (unlensed) power spectrum and C
noise
l is the noise of power spectrum which
is defined in Eq.(C8). For our work Cl = C¯L + δCl in which C¯l is related to ΛCDM and δCL is related to features on power
spectrum. In this work in calculation of noise, we neglect the δCl term and only we use the background power spectrum. This
is because the main effect in Eq.(C8) is due to ΛCDM.
In Fig. (22), we plot the futuristic joint confidence level on free parameters of logarithmic-oscillatorymodelsAlog and log10 ωlog
with the fiducial parameters of Planck best fit. For this analysis we use the configuration of future planned PRISM-like CMB
observation and we compare it with a Planck-like probe. It seems that the CMB lensing in its futuristic case, as a single
observation, can not distinguish the logarithmic-oscillatory models from the standard case.
In Fig.(23), we plot the futuristic joint confidence level on free parameters of linear-oscillatory models Alin and log10 ωlin
with the fiducial parameters of Planck best fit. For this analysis we use the configuration of future planned PRISM-like CMB
observation and we compare it with a Planck-like probe. In Fig.(24), we plot the constraints on the futuristic case of Prism-like
observations on free parameters of the model. As the CMB lensing probe the intermediate wavenumbers, the fiducial parameters
obtained from Planck observation which is log10 ks/Mpc
−1 = −3.1 , As = 0.374 is out of the reach of CMB lensing. This is
mainly because of the cosmic variance error. However the very interesting case of CMB lensing with a step-like model with a
feature in small scales is discussed in the main body of the paper and in Fig.(13).
[1] P. A. R. Ade et al. [Planck Collaboration], “Planck 2013 results. XVI. Cosmological parameters,” arXiv:1303.5076 [astro-ph.CO].
[2] P. A. R. Ade et al. [Planck Collaboration], “Planck 2015 results. XIII. Cosmological parameters,” Astron. Astrophys. 594, A13 (2016)
doi:10.1051/0004-6361/201525830 [arXiv:1502.01589 [astro-ph.CO]].
[3] M. Tegmark et al. [SDSS Collaboration], “Cosmological parameters from SDSS and WMAP,” Phys. Rev. D 69, 103501 (2004)
doi:10.1103/PhysRevD.69.103501 [astro-ph/0310723].
[4] A. H. Guth, “The Inflationary Universe: A Possible Solution to the Horizon and Flatness Problems,” Phys. Rev. D 23, 347 (1981).
doi:10.1103/PhysRevD.23.347
[5] A. D. Linde, “A New Inflationary Universe Scenario: A Possible Solution of the Horizon, Flatness, Homogeneity, Isotropy and Primordial
Monopole Problems,” Phys. Lett. 108B, 389 (1982). doi:10.1016/0370-2693(82)91219-9
[6] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, “Theory of cosmological perturbations. Part 1. Classical perturbations. Part 2.
Quantum theory of perturbations. Part 3. Extensions,” Phys. Rept. 215, 203 (1992). doi:10.1016/0370-1573(92)90044-Z
21
-0.003
-0.002
-0.001
 0
 0.001
 0.002
 0.003
 0.004
 0  0.5  1  1.5  2  2.5  3  3.5  4
k s
te
p(1
/M
pc
)
Astep
Cosmic variance
Prism
Planck
FIG. 24: The futuristic joint constraints on free parameters of step function models (kstep and Astep )via CMB lensing observation is plotted.
The black solid line shows the confidence level due to Prism-like observation. The green dashed line represent the Planck -like constraint and
red long dashed line shows the constraints with omitting the cosmic variance error.
[7] P. A. R. Ade et al. [Planck Collaboration], “Planck 2015 results. XX. Constraints on inflation,” arXiv:1502.02114 [astro-ph.CO].
[8] N. Dalal, O. Dore, D. Huterer and A. Shirokov, “The imprints of primordial non-gaussianities on large-scale structure: scale dependent
bias and abundance of virialized objects,” Phys. Rev. D 77, 123514 (2008) doi:10.1103/PhysRevD.77.123514 [arXiv:0710.4560 [astro-
ph]].
[9] M. LoVerde, A. Miller, S. Shandera and L. Verde, “Effects of Scale-Dependent Non-Gaussianity on Cosmological Structures,” JCAP
0804, 014 (2008) doi:10.1088/1475-7516/2008/04/014 [arXiv:0711.4126 [astro-ph]].
[10] E. Komatsu et al., “Non-Gaussianity as a Probe of the Physics of the Primordial Universe and the Astrophysics of the Low Redshift
Universe,” arXiv:0902.4759 [astro-ph.CO].
[11] D. Hanson, K. M. Smith, A. Challinor and M. Liguori, “CMB lensing and primordial non-Gaussianity,” Phys. Rev. D 80, 083004 (2009)
doi:10.1103/PhysRevD.80.083004 [arXiv:0905.4732 [astro-ph.CO]].
[12] L. Verde, “Non-Gaussianity from Large-Scale Structure Surveys,” Adv. Astron. 2010, 768675 (2010) doi:10.1155/2010/768675
[arXiv:1001.5217 [astro-ph.CO]].
[13] V. Desjacques and U. Seljak, “Primordial non-Gaussianity in the large scale structure of the Universe,” Adv. Astron. 2010, 908640 (2010)
doi:10.1155/2010/908640 [arXiv:1006.4763 [astro-ph.CO]].
[14] S. Baghram, M. H. Namjoo and H. Firouzjahi, “Large Scale Anisotropic Bias from Primordial non-Gaussianity,” JCAP 1308, 048 (2013)
doi:10.1088/1475-7516/2013/08/048 [arXiv:1303.4368 [astro-ph.CO]].
[15] N. Mirzatuny, S. Khosravi, S. Baghram and H. Moshafi, “Simultaneous effect of modified gravity and primordial non-Gaussianity in
large scale structure observations,” JCAP 1401, 019 (2014) doi:10.1088/1475-7516/2014/01/019 [arXiv:1308.2874 [astro-ph.CO]].
[16] A. A. Abolhasani, S. Baghram, H. Firouzjahi and M. H. Namjoo, “Asymmetric Sky from the Long Mode Modulations,” Phys. Rev. D 89,
no. 6, 063511 (2014) doi:10.1103/PhysRevD.89.063511 [arXiv:1306.6932 [astro-ph.CO]].
[17] S. Baghram, A. A. Abolhasani, H. Firouzjahi and M. H. Namjoo, “Fingerprints of Anomalous Primordial Universe on the Abundance of
Large Scale Structures,” JCAP 1412, no. 12, 036 (2014) doi:10.1088/1475-7516/2014/12/036 [arXiv:1406.7277 [astro-ph.CO]].
[18] B. Hu and J. Torrado, “Searching for primordial localized features with CMB and LSS spectra,” Phys. Rev. D 91, no. 6, 064039 (2015)
doi:10.1103/PhysRevD.91.064039 [arXiv:1410.4804 [astro-ph.CO]].
[19] F. Hassani, S. Baghram and H. Firouzjahi, “Lensing as a Probe of Early Universe: from CMB to Galaxies,” JCAP 1605, no. 05, 044
(2016) doi:10.1088/1475-7516/2016/05/044 [arXiv:1511.05534 [astro-ph.CO]].
[20] J. Martin and R. H. Brandenberger, “The TransPlanckian problem of inflationary cosmology,” Phys. Rev. D 63, 123501 (2001)
doi:10.1103/PhysRevD.63.123501 [hep-th/0005209].
[21] U. H. Danielsson, “A Note on inflation and transPlanckian physics,” Phys. Rev. D 66, 023511 (2002) doi:10.1103/PhysRevD.66.023511
[hep-th/0203198].
[22] V. Bozza, M. Giovannini and G. Veneziano, “Cosmological perturbations from a new physics hypersurface,” JCAP 0305 (2003) 001
doi:10.1088/1475-7516/2003/05/001 [hep-th/0302184].
[23] E. Silverstein and A. Westphal, “Monodromy in the CMB: Gravity Waves and String Inflation,” Phys. Rev. D 78, 106003 (2008)
doi:10.1103/PhysRevD.78.106003 [arXiv:0803.3085 [hep-th]].
[24] T. Kobayashi and J. Yokoyama, “Primordial Spikes from Wrapped Brane Inflation,” JCAP 1302, 005 (2013) Erratum: [JCAP 1309, E02
(2013)] doi:10.1088/1475-7516/2013/09/E02, 10.1088/1475-7516/2013/02/005 [arXiv:1210.4427 [astro-ph.CO]].
[25] L. McAllister, E. Silverstein and A. Westphal, “Gravity Waves and Linear Inflation from Axion Monodromy,” Phys. Rev. D 82, 046003
(2010) doi:10.1103/PhysRevD.82.046003 [arXiv:0808.0706 [hep-th]].
[26] X. Chen, M. H. Namjoo and Y. Wang, “Models of the Primordial Standard Clock,” JCAP 1502, no. 02, 027 (2015) doi:10.1088/1475-
7516/2015/02/027 [arXiv:1411.2349 [astro-ph.CO]].
[27] X. Chen, C. Dvorkin, Z. Huang, M. H. Namjoo and L. Verde, “The Future of Primordial Features with Large-Scale Structure Surveys,”
JCAP 1611, no. 11, 014 (2016) doi:10.1088/1475-7516/2016/11/014 [arXiv:1605.09365 [astro-ph.CO]].
22
[28] M. Ballardini, F. Finelli, C. Fedeli and L. Moscardini, “Probing primordial features with future galaxy surveys,” JCAP 1610, 041 (2016)
doi:10.1088/1475-7516/2016/10/041 [arXiv:1606.03747 [astro-ph.CO]].
[29] A. Lewis and A. Challinor, “Weak gravitational lensing of the cmb,” Phys. Rept. 429, 1 (2006) doi:10.1016/j.physrep.2006.03.002
[astro-ph/0601594].
[30] P. A. R. Ade et al. [Planck Collaboration], “Planck 2015 results. XV. Gravitational lensing,” Astron. Astrophys. 594, A15 (2016)
doi:10.1051/0004-6361/201525941 [arXiv:1502.01591 [astro-ph.CO]].
[31] P. André et al. [PRISM Collaboration], “PRISM (Polarized Radiation Imaging and Spectroscopy Mission): An Extended White Paper,”
JCAP 1402, 006 (2014) doi:10.1088/1475-7516/2014/02/006 [arXiv:1310.1554 [astro-ph.CO]].
[32] M. G. Jackson and G. Shiu, “Study of the consistency relation for single-field inflation with power spectrum oscillations,” Phys. Rev. D
88, no. 12, 123511 (2013) doi:10.1103/PhysRevD.88.123511 [arXiv:1303.4973 [hep-th]].
[33] P. D. Meerburg and D. N. Spergel, “Searching for oscillations in the primordial power spectrum. II. Constraints from Planck data,” Phys.
Rev. D 89, no. 6, 063537 (2014) doi:10.1103/PhysRevD.89.063537 [arXiv:1308.3705 [astro-ph.CO]].
[34] J. A. Adams, B. Cresswell and R. Easther, “Inflationary perturbations from a potential with a step,” Phys. Rev. D 64, 123514 (2001)
doi:10.1103/PhysRevD.64.123514 [astro-ph/0102236].
[35] A. Achucarro, J. O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, “Features of heavy physics in the CMB power spectrum,” JCAP
1101, 030 (2011) doi:10.1088/1475-7516/2011/01/030 [arXiv:1010.3693 [hep-ph]].
[36] M. Nakashima, R. Saito, Y. i. Takamizu and J. Yokoyama, “The effect of varying sound velocity on primordial curvature perturbations,”
Prog. Theor. Phys. 125, 1035 (2011) doi:10.1143/PTP.125.1035 [arXiv:1009.4394 [astro-ph.CO]].
[37] V. Miranda and W. Hu, “Inflationary Steps in the Planck Data,” Phys. Rev. D 89, no. 8, 083529 (2014) doi:10.1103/PhysRevD.89.083529
[arXiv:1312.0946 [astro-ph.CO]].
[38] D. J. Eisenstein and W. Hu, “Baryonic features in the matter transfer function,” Astrophys. J. 496, 605 (1998) doi:10.1086/305424
[astro-ph/9709112].
[39] W. H. Press and P. Schechter, “Formation of galaxies and clusters of galaxies by selfsimilar gravitational condensation,” Astrophys. J.
187, 425 (1974). doi:10.1086/152650
[40] J. M. Bardeen, J. R. Bond, N. Kaiser and A. S. Szalay, “The Statistics of Peaks of Gaussian Random Fields,” Astrophys. J. 304, 15 (1986).
[41] A. R. Zentner, “The Excursion Set Theory of Halo Mass Functions, Halo Clustering, and Halo Growth,” Int. J. Mod. Phys. D 16, 763
(2007) doi:10.1142/S0218271807010511 [astro-ph/0611454].
[42] M. Musso and R. K. Sheth, “One step beyond: The excursion set approach with correlated steps,” Mon. Not. Roy. Astron. Soc. 423, L102
(2012) doi:10.1111/j.1745-3933.2012.01266.x [arXiv:1201.3876 [astro-ph.CO]].
[43] M. Musso and R. K. Sheth, “The importance of stepping up in the excursion set approach,” Mon. Not. Roy. Astron. Soc. 438, no. 3, 2683
(2014) doi:10.1093/mnras/stt2387 [arXiv:1306.0551 [astro-ph.CO]].
[44] F. Nikakhtar and S. Baghram, “Matrix Formalism of Excursion Set Theory: A new approach to statistics of dark matter halo counting,”
Phys. Rev. D 96, no. 4, 043524 (2017) doi:10.1103/PhysRevD.96.043524 [arXiv:1606.06666 [astro-ph.CO]].
[45] J. E. Gunn and J. R. Gott, III, “On the Infall of Matter into Clusters of Galaxies and Some Effects on Their Evolution,” Astrophys. J. 176,
1 (1972). doi:10.1086/151605
[46] A. De Simone, M. Maggiore and A. Riotto, “Excursion Set Theory for generic moving barriers and non-Gaussian initial conditions,”
Mon. Not. Roy. Astron. Soc. 412, 2587 (2011) doi:10.1111/j.1365-2966.2010.18078.x [arXiv:1007.1903 [astro-ph.CO]].
[47] M. Musso and R. K. Sheth, “On the Markovian assumption in the excursion set approach: the approximation of Markovian Velocities,”
Mon. Not. Roy. Astron. Soc. 443, no. 2, 1601 (2014) doi:10.1093/mnras/stu1222 [arXiv:1401.8177 [astro-ph.CO]].
[48] R. K. Sheth and G. Tormen, “An Excursion set model of hierarchical clustering : Ellipsoidal collapse and the moving barrier,” Mon. Not.
Roy. Astron. Soc. 329, 61 (2002) doi:10.1046/j.1365-8711.2002.04950.x [astro-ph/0105113].
[49] M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat, “Too big to fail? The puzzling darkness of massive Milky Way subhaloes,” Mon.
Not. Roy. Astron. Soc. 415, L40 (2011) doi:10.1111/j.1745-3933.2011.01074.x [arXiv:1103.0007 [astro-ph.CO]].
[50] R. Takahashi, M. Sato, T. Nishimichi, A. Taruya and M. Oguri, “Revising the Halofit Model for the Nonlinear Matter Power Spectrum,”
Astrophys. J. 761, 152 (2012) doi:10.1088/0004-637X/761/2/152 [arXiv:1208.2701 [astro-ph.CO]].
[51] M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat, “The Milky Way’s bright satellites as an apparent failure of LCDM,” Mon. Not.
Roy. Astron. Soc. 422, 1203 (2012) doi:10.1111/j.1365-2966.2012.20695.x [arXiv:1111.2048 [astro-ph.CO]].
[52] M. Kamionkowski and A. R. Liddle, “The Dearth of halo dwarf galaxies: Is there power on short scales?,” Phys. Rev. Lett. 84, 4525
(2000) doi:10.1103/PhysRevLett.84.4525 [astro-ph/9911103].
[53] T. Nakama, J. Chluba and M. Kamionkowski, “Shedding light on the small-scale crisis with CMB spectral distortions,” Phys. Rev. D 95,
no. 12, 121302 (2017) doi:10.1103/PhysRevD.95.121302 [arXiv:1703.10559 [astro-ph.CO]].
[54] D. K. Hazra, “Changes in the halo formation rates due to features in the primordial spectrum,” JCAP 1303, 003 (2013) doi:10.1088/1475-
7516/2013/03/003 [arXiv:1210.7170 [astro-ph.CO]].
[55] B. L’Huillier, A. Shafieloo, D. K. Hazra, G. F. Smoot and A. A. Starobinsky, “Probing features in the primordial perturbation spectrum
with large-scale structure data,” arXiv:1710.10987 [astro-ph.CO].
[56] T. Baldauf, U. Seljak, L. Senatore and M. Zaldarriaga, “Linear response to long wavelength fluctuations using curvature simulations,”
JCAP 1609, no. 09, 007 (2016) doi:10.1088/1475-7516/2016/09/007 [arXiv:1511.01465 [astro-ph.CO]].
[57] R. K. Sheth and G. Tormen, “Large scale bias and the peak background split,” Mon. Not. Roy. Astron. Soc. 308, 119 (1999)
doi:10.1046/j.1365-8711.1999.02692.x [astro-ph/9901122].
[58] S. Baghram, S. Tavasoli, F. Habibi, R. Mohayaee and J. Silk, “Unraveling the nature of Gravity through our clumpy Universe,” Int. J.
Mod. Phys. D 23, no. 12, 1442025 (2014) doi:10.1142/S0218271814420255 [arXiv:1411.7010 [astro-ph.CO]].
[59] F. Habibi, S. Baghram and S. Tavasoli, “Peculiar velocity measurement in a clumpy universe,” arXiv:1412.8457 [astro-ph.CO].
[60] S. Baghram and S. Rahvar, “Structure formation in f(R) gravity: A distinguishing probe between the dark energy and modified gravity,”
JCAP 1012, 008 (2010) doi:10.1088/1475-7516/2010/12/008 [arXiv:1004.3360 [astro-ph.CO]].
23
[61] S. Khosravi, A. Mollazadeh and S. Baghram, “ISW-galaxy cross correlation: a probe of dark energy clustering and distribution of dark
matter tracers,” JCAP 1609 (2016) no.09, 003 doi:10.1088/1475-7516/2016/09/003 [arXiv:1510.01720 [astro-ph.CO]].
[62] H. Gil-Marín et al., “The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: BAO measurement
from the LOS-dependent power spectrum of DR12 BOSS galaxies,” Mon. Not. Roy. Astron. Soc. 460, no. 4, 4210 (2016)
doi:10.1093/mnras/stw1264 [arXiv:1509.06373 [astro-ph.CO]].
[63] B. A. Bassett and R. Hlozek, “Baryon Acoustic Oscillations,” Dark Energy, Ed. P. Ruiz-Lapuente (2010, ISBN-13: 9780521518888)
[arXiv:0910.5224 [astro-ph.CO]].
[64] B. D. Sherwin et al., “Two-season Atacama Cosmology Telescope polarimeter lensing power spectrum,” Phys. Rev. D 95, no. 12, 123529
(2017) doi:10.1103/PhysRevD.95.123529 [arXiv:1611.09753 [astro-ph.CO]].
[65] S. M. Kasanda and K. Moodley, “CMB lensing forecasts for constraining the primordial perturbations: adding to the CMB temperature
and polarization information,” JCAP 1412, no. 12, 041 (2014) doi:10.1088/1475-7516/2014/12/041 [arXiv:1409.6869 [astro-ph.CO]].
[66] Y. Noh, M. White and N. Padmanabhan, “Reconstructing baryon oscillations,” Phys. Rev. D 80, 123501 (2009)
doi:10.1103/PhysRevD.80.123501 [arXiv:0909.1802 [astro-ph.CO]].
[67] M. H. Namjoo, S. Baghram and H. Firouzjahi, “Hemispherical Asymmetry and Local non-Gaussianity: a Consistency Condition,” Phys.
Rev. D 88, 083527 (2013) doi:10.1103/PhysRevD.88.083527 [arXiv:1305.0813 [astro-ph.CO]].
[68] M. H. Namjoo, A. A. Abolhasani, S. Baghram and H. Firouzjahi, “CMB Hemispherical Asymmetry: Long Mode Modulation and non-
Gaussianity,” JCAP 1408, 002 (2014) doi:10.1088/1475-7516/2014/08/002 [arXiv:1405.7317 [astro-ph.CO]].
[69] M. H. Namjoo, A. A. Abolhasani, H. Assadullahi, S. Baghram, H. Firouzjahi and D. Wands, “Expected dipole asymmetry in CMB
polarization,” JCAP 1505, no. 05, 015 (2015) doi:10.1088/1475-7516/2015/05/015 [arXiv:1411.5312 [astro-ph.CO]].
[70] G. A. Palma, “Untangling features in the primordial spectra,” JCAP 1504, no. 04, 035 (2015) doi:10.1088/1475-7516/2015/04/035
[arXiv:1412.5615 [hep-th]].
[71] S. Mooij, G. A. Palma, G. Panotopoulos and A. Soto, “Consistency relations for sharp features in the primordial spectra,” JCAP 1510,
no. 10, 062 (2015) Erratum: [JCAP 1602, no. 02, E01 (2016)] doi:10.1088/1475-7516/2015/10/062, 10.1088/1475-7516/2016/02/E01
[arXiv:1507.08481 [astro-ph.CO]].
[72] D. Blas, J. Lesgourgues and T. Tram, “The Cosmic Linear Anisotropy Solving System (CLASS) II: Approximation schemes,” JCAP
1107, 034 (2011) doi:10.1088/1475-7516/2011/07/034 [arXiv:1104.2933 [astro-ph.CO]].
[73] D. J. Eisenstein, W. Hu and M. Tegmark, Astrophys. J. 518, 2 (1999) doi:10.1086/307261 [astro-ph/9807130].
[74] W. Hu and T. Okamoto, Astrophys. J. 574, 566 (2002) doi:10.1086/341110 [astro-ph/0111606].
[75] W. Hu, “Mapping the dark matter through the cmb damping tail,” Astrophys. J. 557, L79 (2001) doi:10.1086/323253 [astro-ph/0105424].
[76] A. Cooray and R. K. Sheth, “Halo models of large scale structure,” Phys. Rept. 372, 1 (2002) doi:10.1016/S0370-1573(02)00276-4
[astro-ph/0206508].
[77] Polarized radiation imaging and spectroscopy mission
